Endothelial cells in the monolayer lining blood vessels have diverse physiologic functions (1, 2) . A broad range of abnormalities of endothelial cell functions, collectively termed "endothelial dysfunction," are fundamental contributors to the pathogenesis of atherosclerosis. The major endothelial abnormalities observed at different stages of atherosclerosis include reduced production of vasoprotective factors such as nitric oxide, generation of inflammatory mediators, altered adherence of platelets and leukocytes, diverse metabolic perturbations, and decreased viability leading to apoptosis (1, 2) .
Results of analyses of exosomes released by activated normal and dysfunctional cultured endothelial cells suggest that the contents and functions of exosomes reflect the proteins, RNAs, and vascular activities of their cellular source (3) (4) (5) . Endothelial cell-derived exosomes (EDEs) secreted by cultured endothelial cells contain functionally relevant levels of cell-surface proteins and other proteins involved in endothelial cell activities, including angiopoietin-2 and the collagen crosslinker lysyl oxidase-2 (6) (7) (8) . Such EDEs also retain the capacities of their endothelial cells of origin to promote monocyte adherence and transendothelial migration, as well as angiogenesis (9) . The roles of EDEs in the pathogenesis of atherosclerosis and other vascular diseases should be elucidated further, ABBREVIATIONS: BSA, bovine serum albumin; CeVD, cerebrovascular disease; EDE, endothelial cell-derived exosome; GLUT-1, glucose transporter 1; p-GP, permeability-glycoprotein; GPVI, platelet glycoprotein VI; PDE, platelet-derived exosome; LAT-1, large neutral amino acid transporter 1; LOXL-2, lysyl-oxidase homolog 2; NOSTRIN, nitric oxide synthase trafficking inducer; PDGF, platelet-derived growth factor; ROC, receiver operating characteristic; RR, ridge regression; TAZ, tafazzin; vWF, von Willebrand factor; YAP, Yes-associated protein especially in view of the finding of elevated plasma levels of EDEs in patients with vascular diseases (10) .
Evidence now is provided that EDEs, like plateletderived exosomes (PDEs) (11) , are released into plasma of living humans and can be immunochemically isolated and identified through their expression of proteins characteristic of endothelial cells and exosomes. Our preliminary findings show that levels of plasma EDE and PDE cargo proteins relevant to the pathogenesis of atherosclerosis are significantly higher in patients with cerebrovascular disease (CeVD) than in matched controls subjects and may justify performance of clinical studies probing their value as biomarkers in cerebrovascular atherosclerosis.
MATERIALS AND METHODS

Patient evaluation and experimental design
Eighteen patients with definite neurologically relevant atherosclerotic CeVD were identified and evaluated in the Jewish Home of San Francisco or the Sanders-Brown Center on Aging of the University of Kentucky Medical Center. Each patient had CeVD proven by MRI, and 14 patients had experienced a thrombotic cerebrovascular ischemic event with tissue damage in the 10 yr prior to donating blood for this study. Strokes had occurred 1 yr (1 patient), 2 yr (2 patients), 3 yr (2 patients), 4 yr (1 patient), 5 yr (1 patient), 6 yr (2 patients), 8 yr (1 patient), 9 yr (2 patients), and 10 yr (2 patients) prior to obtaining the study blood sample. All subjects had neurologic evidence of continued worsening of CeVD. The 18 control subjects from the Jewish Home of San Francisco matched patients by age and gender but had no neurologic abnormalities and donated blood concurrently with patients. Plasmas were analyzed without knowledge of the clinical data. All subjects and some patient-designates signed a consent form approved by the Institutional Review Board at each institution.
Isolation of plasma EDEs and PDEs for extraction and ELISA quantification of proteins
Platelet-poor plasma was prepared from 6 ml of venous blood for immediate use or stored in 0.5-ml aliquots at 280°C as described (11) . Aliquots of 0.50 ml of diluted (1:1, v:v) plateletpoor plasma were incubated with 0.15 ml of thromboplastin-D (Thermo Fisher Scientific, Waltham, MA, USA) followed by addition of 0.35 ml of Dulbecco's balanced salt solution with protease inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN, USA) and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). After centrifugation at 3000 g for 30 min at 4°C, supernatants were incubated with 252 ml ExoQuick exosome precipitation solution (EXOQ; System Biosciences, Mountain View, CA, USA), and the resultant suspensions were centrifuged at 1500 g for 30 min at 4°C. Each pellet was resuspended in 350 ml distilled water with inhibitor cocktails for immunochemical enrichment of exosomes from endothelial or platelet sources.
Each exosome suspension was mixed and incubated with 2.0 mg mouse IgG1 anti-human CD31 (platelet and endothelial cell adhesion molecule 1) biotinylated antibody (clone MEM-05; Thermo Fisher Scientific) in 50 ml of 3% bovine serum albumin (BSA) for 90 min followed by incubation with 10 ml Streptavidin-Plus UltraLink resin (Thermo Fisher Scientific) in 40 ml of 3% BSA for 60 min with continuous mixing at room temperature. After centrifugation at 600 g and removal of the supernatant, each pellet was resuspended in 100 ml cold 0.05 M acetic acid, incubated at 4°C for 10 min, and centrifuged at 4°C for 10 min at 4000 g. These supernatants were transferred to new prechilled Eppendorf tubes containing 265 ml of Dulbecco's balanced salt solution, 10 ml of 1 M Tris-HCl (pH 8.0), and 25 ml of 10% BSA and mixed. Each of these exosome suspensions was mixed with 2.0 mg goat anti-human CD146/MCAM (cell surface glycoprotein MUC18/melanoma cell adhesion molecule) biotinylated antibody (Novus Biologicals, Littleton, CO, USA) in 50 ml of 3% BSA and incubated for 90 min, followed by incubation with 10 ml Streptavidin-Plus UltraLink resin (Thermo Fisher Scientific) in 40 ml of 3% BSA for 60 min, all at room temperature. After centrifugation at 600 g and removal of the supernatant, each pellet was resuspended in 100 ml cold 0.05 M acetic acid, incubated at 4°C for 10 min, and centrifuged at 4°C for 10 min at 4000 g. These supernatants were transferred to new prechilled Eppendorf tubes containing 10 ml of 1 M Tris-HCl (pH 8.0) and 25 ml of 10% BSA and mixed. Five percent of each suspension was transferred to 300-ml Eppendorf tubes for counting before addition of 365 ml of M-PER mammalian protein extraction reagent (Thermo Fisher Scientific) containing the protease and phosphatase inhibitors and storage at 280°C. PDEs were enriched immunochemically from plasmas of the same patients and control subjects as described (11) .
For counting of exosomes, each suspension was diluted 1:50 in PBS. The mean diameter (nm) and concentration (particles/ml) of exosomes in each suspension were determined using the Nanosight NS500 system with a G532nm laser module and NTA 3.1 nanoparticle tracking software (Malvern Instruments, Malvern, United Kingdom). Camera settings were: gain, 366; shutter, 31.48; frame rate, 24.9825 fps/s. Brownian motion was captured by 5 repeated 60-s video recordings.
EDE and PDE proteins were quantified by ELISA kits for eNOS, glucose transporter 1 (GLUT-1), lysyl-oxidase homolog 2 (LOXL-2), platelet glycoprotein VI (GPVI), integrin-linked protein kinase-1, high mobility group box 1 protein, permeabilityglycoprotein (p-GP, ABCB1), and the tetraspanning exosome marker CD81 (Cusabio; American Research Products, Waltham, MA, USA); tafazzin (TAZ), nitric oxide synthase trafficking inducer (NOSTRIN), and large neutral amino acid transporter 1 (LAT-1) (Cloud-Clone, American Research Products); Yes-associated protein (YAP) (BlueGene Biotech, American Research Products); and angiopoietin-1 and von Willebrand factor (vWF) (Thermo Fisher Scientific); VCAM-1, CXCL4, thrombospondin-1, and platelet-derived growth factor (PDGF-AA for PDEs and PDGF-BB for EDEs) (RayBiotech, Norcross, GA, USA) according to suppliers' directions. Replicate wells of the YAP ELISA were developed with YAP-peroxidase conjugate supplied in the kit or with anti-P(S127)-YAP1 antibody (Thermo Fisher Scientific) that had been biotinylated with the EZ-Link Micro-Sulfo-NHS-biotinylation kit (Thermo Fisher Scientific), followed by streptavidin-peroxidase conjugate. The mean value for all determinations of CD81 in each assay group was set at 1.00, and the relative individual values of CD81 for each sample were used to normalize their recovery.
Statistical analyses
A Shapiro-Wilks test showed that data in all sets were distributed normally. The statistical significance of differences between means for each patient group and their respective control group was determined with an unpaired Student's t test, including a Bonferroni correction (Prism 6; GraphPad, La Jolla, CA, USA). Reproducibility assessed by repeating isolation of exosomes from plasma of 5 patients with CeVD and 5 control subjects, and ELISAs for 3 analytes gave results within 69% of the first quantification. The capacity of each exosomal protein to discriminate between patients with CeVD and matched controls was determined as described (12) by using receiver operating characteristic (ROC) analyses with confidence intervals estimated on the basis of the binomial exact distribution (STATA 13.1; StataCorp, College Station, TX, USA). The power of separate composites of proteins from EDEs and PDEs to discriminate between patients with CeVD and matched controls was assessed using the ridge regression (RR) method.
RESULTS
The mean 6 SEM ages of the patients with proven atherosclerotic CeVD and control subjects were 75.3 6 2.71 and 74.6 6 2.94 yr, respectively, and each group had 9 female and 9 male subjects. Clinically apparent noncerebral atherosclerotic disease was found in 6 of the 18 patients (2 coronary, 1 peripheral, and 3 both coronary and peripheral). None of the 18 control subjects had evidence of atherosclerotic arterial disease. Medication programs were heterogeneous, with 7 patients and 4 control subjects on low-dose aspirin and 3 patients (but no control subjects) on an oral anticoagulant.
Counts of the twice immuno-enriched EDE suspensions showed mean 6 SEM values of 10.7 6 0.77 3 10 9 /ml for control subjects and 6.58 6 0.58 3 10 9 /ml for patients with CeVD; these results were significantly different (P = 0.0004 by an unpaired Student's t test). The mean 6 SEM diameters of the EDEs were 230 6 3.00 nm for the control subjects and Each value (pg/ml or for eNOS IU/ml) is the mean 6 SEM for 14 of the 18 patients with CeVD and the age-and gender-matched control subjects. PDGF in EDEs was quantified with a PDGF-BB ELISA, and that in PDEs was quantified with a PDGF-AA ELISA. All protein levels were normalized by their CD81 value. *P , 0.01, comparing the levels for EDEs with those for PDEs (unpaired Student's t test); † P , 0.0001, comparing the levels for EDEs with those for PDEs (unpaired Student's t test). Figure 1 . Elevated levels of endothelial cell biomarkers and proteins implicated in atherosclerosis in plasma EDEs of patients with CeVD relative to those of matched control subjects (C). Each point represents the value for one of the 18 patients or control subjects or for 14 (a different set of 14 patients and control subjects than for Table 1 ) of the 18 for vWF, and horizontal lines depict the respective mean levels. The significance of differences between levels for patients with CeVD and control subjects was calculated by an unpaired Student's t test. *P , 0.001, **P , 0.0001. 246 6 6.18 nm for the patients; these values were not significantly different. Cargo proteins extracted from these EDEs and plasma PDEs isolated separately from the same control subjects and patients with CeVD were quantified ( Table 1) . EDE levels of the exosomal marker CD81 were significantly higher for control subjects than patients with CeVD (P = 0.0064). CD81 levels in PDEs from control subjects and patients with CeVD were not significantly different, but both were significantly higher than those of corresponding EDEs, which likely reflects in part a single immuno-absorption enrichment of PDEs as contrasted with 2 immuno-absorption steps for enrichment of EDEs. All other values were normalized for their levels of CD81 (Table 1 ). For control subjects and patients with CeVD, the levels of the endothelial cell protein markers VCAM-1 and eNOS were significantly more than 10-fold higher for EDEs than PDEs. As expected, levels of the platelet marker GPVI were significantly more than 6-fold higher for PDEs than EDEs of control subjects and patients with CeVD. Levels of PDGF and vWF were several-fold higher in PDEs than EDEs of control subjects but were nearly identical in EDEs and PDEs of patients with CeVD. For VCAM-1, vWF, and PDGF, EDE levels were significantly higher for patients with CeVD than for control subjects (P , 0.0001). Of the EDE proteins expected to show differences between patients with CeVD and control subjects, only eNOS did not distinguish control subjects from patients with CeVD (Table 1 ). In contrast, EDE levels of NOSTRIN (13) were significantly higher in patients with CeVD than in control subjects (Supplemental Fig. 1) , suggesting a greater redistribution of eNOS from plasma membrane to cytoplasmic vesicles with resultant attenuation of NO production in CeVD endothelium. Levels of PDGF (P = 0.001) and of GPVI (P , 0.0001) were significantly higher in PDEs of patients with CeVD than in control subjects.
CD81-normalized EDE levels of proteins characteristic of endothelial cells and implicated in atherosclerosis were quantified for all patients with CeVD and control subjects. Normalized levels of all 8 proteins were significantly higher for patients with CeVD than for matched control subjects (Fig. 1) . One (LOXL-2, LAT-1, and p-GP) to 5 (VCAM-1) of the 18 normalized levels of EDE proteins for patients with CeVD were within the range for control subjects. Three of these proteins (GLUT-1, LAT-1, and p-GP) are selectively distributed in cerebrovascular endothelial cells (14) (15) (16) . Total EDE levels of the mechanical force-transducing endothelial cell protein YAP-1, but not of the related protein TAZ, were higher in patients with CeVD than in control subjects ( Table 2) . The lower extent of activity-inhibiting phosphorylation of YAP-1 combined with the higher level of total YAP-1 in EDEs of patients with CeVD compared Each value [pg/ml for total TAZ and total YAP or relative absorbance units/ml at 450 nm for P(S127)-YAP] is the mean 6 SEM for 14 of the 18 patients with CeVD and the age-and gender-matched control subjects. All cargo protein levels were normalized by their CD81 value. *P , 0.001, comparing the levels for control subjects with those for patients with CeVD (unpaired Student's t test); † P , 0.0001, comparing the levels for control subjects with those for patients with CeVD (unpaired Student's t test). Figure 2 . Elevated levels of platelet biomarkers and proteins implicated in atherosclerosis in plasma PDEs of patients with CeVD relative to those of matched control subjects. Each point represents the value for one of 14 patients or control subjects, and horizontal lines depict the respective mean levels. The significance of differences between levels for patients with CeVD and control subjects was calculated by an unpaired Student's t test. *P , 001, ‡ P , 0.01.
with control subjects is expected to mediate promotion of plaque formation by turbulent flow (17 Levels of all 6 platelet proteins implicated in atherosclerosis and detected in PDEs were significantly higher in patients with CeVD than in control subjects (Fig. 2) . However, the overall differences between levels in control subjects and patients with CeVD were less, and overlaps were greater for PDE than EDE proteins. Four (high mobility group box 1 protein) to 12 (PDGF-AA) of the 14 normalized levels of PDE proteins for patients with CeVD overlapped into the range for control subjects. ROC curve analyses of individual exosome proteins showed discriminatory ability for 6 of the 8 EDE proteins that was equal to or greater than that of any of the PDE proteins (Supplemental Table 1 ). When examined as a group by the RR method, EDE, but not PDE proteins, had no overlap between those of patients with CeVD and control subjects.
DISCUSSION
A double immune-absorption method has been developed for the isolation of human plasma EDEs that exhibit the size and protein marker characteristics of other sets of plasma exosomes (11, 18, 19) . Much higher levels of VCAM-1 and eNOS, and much lower levels of platelet GPVI in EDEs than in PDEs, confirm their endothelial cell source ( Table 1) . The protein markers shared by endothelial cells and platelets, vWF and PDGF (20, 21) , were well represented in extracts of EDEs and PDEs from control subjects.
The EDE cargo levels of 8 functionally different proteins implicated in atherosclerosis were significantly higher for patients with CeVD than for control subjects (Fig. 1) . Quantitative alterations in these proteins in EDEs and thus presumably in their levels in endothelial cells may reflect diverse abnormalities in endothelial cell adhesiveness (VCAM-1), antithrombotic function (vWF), survival and proliferation (PDGF and angiopoietin-2), transport and metabolism (GLUT-1, p-GP, and LAT-1), and vascular collagen structure (LOXL-2). Such abnormalities collectively constitute endothelial cell dysfunction sufficient to be at least one contributor to atherosclerosis. EDE proteins appear to be more useful as biomarkers of CeVD than proteins of PDEs because differences between levels in patients with CeVD and control subjects are greater and overlaps are less and, as importantly, because 3 EDE proteins are localized selectively in cerebrovascular endothelial cells, whereas no PDE proteins discriminate among regional vascular beds. Thus, differences between levels of GLUT-1, p-GP, and/or LAT-1 in EDEs from patients with CeVD and control subjects provide strong evidence for cerebrovascular atherosclerotic disease even if atherosclerotic disease exists concurrently in other vascular beds. In contrast, differences between levels of PDE proteins in patients with CeVD compared with control subjects may signify atherosclerosis, and alterations in their levels may indicate changes in the extent of atherosclerosis, but neither of these findings possesses cerebrovascular specificity.
The potential usefulness of this profile of EDE proteins as a safely and easily performed biomarker of susceptibility to atherosclerosis is suggested by the absence of any overlap between composite levels in patients with CeVD and control subjects (Supplemental Table 1 ). However, such applications must first be tested with many more patients in properly designed clinical studies focused on clear outcomes. One example would be differences in this plasma EDE profile of proteins in patients with transient ischemic attacks that proceed to strokes as contrasted with patients who do not experience strokes in a defined time period. Correlations should be sought between abnormalities in EDE proteins and the results of angiographic and MRI assessment of the cerebral vasculature. Aggressive treatment of patients predicted by an EDE protein profile and other biomeasures to have elevated susceptibility to near-term strokes must be based on proven value of these biomarkers. The continued high annual incidence of strokes and the resultant permanent disability suggest the potential usefulness of a blood test for susceptibility in patients with clear predisposing conditions. Each point represents a value for one CeVD patient or control subject and the mean for a group is depicted by the horizontal line in that cluster. The eNOS mean±SEM values are 25.1±2.02 IU/ml for control subjects (n=18) and 25.5±2.13 IU/ml for CeVD patients (n=18), and the NOSTRIN mean±SEM values are 688±37.3 pg/ml for control subjects and 1343±113 pg/ml for CeVD patients. The difference between NOSTRIN levels for the two groups is significant with p<0.0001 by an unpaired t test, whereas there is no significant difference between eNOS levels of the two groups.
